ABSTRACT The raspberry weevil, Aegorhinus superciliosus (Gué rin) (Coleoptera: Curculionidae), is the most important pest in blueberry and raspberry Þelds in the south of Chile. In this study, we investigated the electroantennographic and behavioral responses of A. superciliosus to semiochemicals released from conspeciÞc individual adults, with particular attention to male attraction to females. Odors released from females signiÞcantly attracted males in a Y-tube olfactometer. Gas chromatographic and mass spectral analysis of female volatile extracts revealed the presence of limonene and ␣-pinene. Electroantennogram recordings from both sexes indicated that males of A. superciliosus possess olfactory sensitivity for the R isomer of limonene and ␣-pinene, whereas females only perceived R-limonene. Behavioral assays using synthetic compounds showed that only R-limonene elicited an attraction response from male weevils. Field experiments conÞrmed the laboratory results, showing that R-limonene was attractive to weevils. This is the Þrst report of intraspeciÞc chemical communication in this weevil. We discuss the origin of these compounds, their possible role in the sexual behavior of this species, and their potential use in a pest control strategy.
In southern Chile, the raspberry weevil, Aegorhinus superciliosus (Guerin) (Coleoptera: Curculionidae), is a serious pest in some fruit crops such as blueberry raspberry, strawberry, and blackberry (Aguilera and Rebolledo 2001) . Although adults cause some damage by chewing leaves and shoots, the principal damage is caused by the root-feeding larvae, which can kill plants (Guerrero and Aguilera 1989 , Cisternas et al. 2000 . Chemical and biological treatments have been used to control this weevil; however, they have not been successful.
As a result of problems associated with the continuous applications of synthetic insecticides, including environmental and health risks and residues on harvested fruit, alternative strategies of pest management for this weevil are needed. Semiochemicals are compatible with other control strategies and are ideal components for integrated pest management programs. In addition, semiochemical-based mass trapping strategies have been developed for several weevil species in various crops (Ruiz-Montiel et al. 2008) . For example, the female-produced sex pheromone of the sweet potato weevil, Cylas formicarius (Jansson et al. 1992) , has been used as a tool for locating, surveying, monitoring, and mass trapping (Hwang and Hung 1991) , and the male-produced aggregation pheromone of the palm weevil, Rhynchophorus palmarum (Oehlschlager et al. 1993) , has been used successfully in control programs through mass trapping. Knowledge of the mechanisms involved in long-range attraction of the insect to its host and conspeciÞcs is crucial for developing semiochemical-based methods of pest control (Zagatti et al. 1997 ). The chemical ecology of A. superciliosus has been studied by Parra et al. (2009) and Mutis et al. (2009) . These studies showed that host location behavior of this insect could be mediated by kairomones derived from Vaccinium corymbosum , and that cuticular lipids of female A. superciliosus mediated the mating behavior for this species ). However, long-range semiochemicals involved in mating behavior have not been reported.
The objectives of this study were to identify volatile chemicals released from adult conspeciÞcs, evaluate the electroantennographic and behavioral activity elicited by volatiles released from male and female A. superciliosus, and test the active compounds in the Þeld.
Materials and Methods
Insects. Weevils of mixed age and sex and unknown mating status were collected from a raspberry planting in Vilcun, Araucanṍa, Chile, and placed in individual petri dishes during the summers of 2007 and 2008. The insects used in both electroantennography (EAG) trials and bioassays were sexed according to Reyes (1993) , remaining isolated without food for at least 24 h on moist Þlter paper in petri dishes at room temperature (25ЊC). Each insect was used in a single experiment, and only if it was able to walk normally.
Synthetic Chemicals. The test chemicals used in EAG and bioassays, R-limonene (97% purity) and Slimonene (96%), were obtained from Sigma-Aldrich (Steinheim, Germany), and (ϩ)-␣-pinene (97%) was obtained from Merck (Munich, Germany).
Volatile Collections. Groups of male and female A. superciliosus were conÞned in a glass container (8.0 cm inner diameter [ID] and 30 cm length). The volatiles were drawn out from the container using puriÞed air passed through a charcoal trap onto a glass volatile collection device (4.0 mm and 100 mm long) containing 100 mg of Porapak Q adsorbent (80 Ð100 mesh; Waters Associates, Bellefonte, PA). Air was pulled through the trap at a rate of 1 L/min, using a positive/ negative pressure air system (Agelopoulos et al. 1999) . The insects were used once, and the volatile collections were performed six times for 24 h, using 50 males and 50 females separately. The volatiles were eluted from the adsorbent with 1 ml of hexane (GC grade; Merck, Darmstadt, Germany). Extracts were concentrated under a nitrogen stream and stored in sealed ampoules at Ϫ20ЊC before analysis.
Identification of Semiochemicals by Gas Chromatography-Mass Spectrometry (GC-MS). Volatile extracts were analyzed by coupled GC-MS with electron impact ionization (70 eV) using a ThermoFinnigan chromatograph (Milan, Italy) equipped with a BP-1 capillary column (30 m, 0.22 mm, 0.25 m; SGE, Victoria, Australia) with helium as the carrier gas. The GC oven was programmed to remain at 40ЊC for 1 min and then increased at 5ЊC min Ϫ1 up to 260ЊC and held for 5 min. The injector and transfer line temperatures were 250ЊC. The components of volatile extracts were identiÞed by comparison with their Kovats indices and mass spectra with those of commercial standards and library database spectra using the NIST mass spectral search program (ver.2.0), Pherobase database, and NIST webbook (http://webbook.nist.gov/chemistry) (Babushok et al. 2007 ). Calibration curves based on peak area ratio were constructed using docosane as an internal standard for quantiÞcation of each volatile compound identiÞed from the samples of males and females of A. superciliosus (N ϭ 5 for each male and female extract).
EAG Responses. The antennal sensitivity of adult males and females was determined by EAG, according to the methodology described by Zhang and Sun (2006) . Antennae were excised from the heads of A. superciliosus, and mounted between two glass micropipette electrodes. The recording electrode was inserted into the distal edge of the club, and the indifferent electrode into the scape of the antenna. The signals generated by the antenna were conducted through a 10ϫ high impedance ampliÞer (Syntech, Hilversum, The Netherlands) and displayed onto a monitor using Syntech version 2.2a software for processing EAG signals. A volume of 50 l of standard solutions in hexane (0.1, 1.0, and 10 ppm) of each synthetic compound was loaded on a piece of Þlter paper (2 cm 2 ), exposed to air for 20 s to allow solvent evaporation, then inserted into a glass Pasteur pipette. The odor stimuli were delivered from the Pasteur pipette as a 1.0-s pulse of odor into a continuous airstream (500 ml min Ϫ1 ) ßowing over the antennal preparation. An interval of 40 s between puffs was used to ensure antennal recovery. On the basis of the responses to the initial and the Þnal stimulus, we determined for each preparation the decline percentage in EAG response for each stimulus, and the EAG data were adjusted according to methodology described by Brockerhoff and Grant (1999) . For each compound and concentration, 10 replicates were performed per sex, and each replicate was made with a different antenna. Differences between responses of the sexes to the treatments versus the control (hexane) were analyzed using nonparametric statistics with the Wilcoxon test.
Olfactometer Bioassays. The behavioral response of male and female A. superciliosus to the volatile extracts and synthetic compounds was tested by using a twoway olfactometer described by Rojas et al. (2002) . Each arm of the Y-tube and the base tube was 16 cm long with 3.0-cm internal diameter. Each Y-tube arm was connected to a Pasteur pipette containing stimulus or control (50 l of hexane applied on Þlter paper). An aliquot of 50 l of standard solutions (0.1, 1.0, and 10 ppm) of all synthetic compounds and 10 l of female volatile extracts (equivalent to Þve females) were prepared in hexane and loaded onto Whatman NЊ1 Þlter paper (2 cm 2 ). The sequence of the odor treatment was randomized. The olfactometer base was connected to a vacuum pump, which produced airßow through the arms and stem of the tube at a rate of 800 ml/min. One male or female weevil was randomly selected and introduced into the base of the Y-tube, allowing free movement thereafter. The assay was considered successful when the weevil walked from the Y-tube base up to 3 cm past the Y-junction and remained for at least 20 s. Each weevil was given a maximum of 5 min to respond. After each insect tested, the Y-tube was replaced with a clean one. The Y-tubes were cleaned with neutral detergent; rinsed with water, distilled water, and acetone to remove any organic residue; and then dried in the oven at 100ЊC. The position of odor chambers in each arm was reversed after each replication to eliminate directional bias.
Field Experiment. Field trials were conducted at a raspberry planting in Vilcun, Araucanṍa, Chile. R-limonene was evaluated in 10 semitransparent plastic funnels. The funnel trap (Fig. 1) consisted of two sections, as follows: 1) semiochemical compartment (10 cm high) arranged in the upper part of the funnel isolated from the rest of the funnel by means of a ring of wire mesh (5 cm i.d.), and b) a small funnel (8.5 cm i.d. ϫ 1.5 cm i.d. ϫ 10 cm long) placed in the center of the funnel base, and attached to the inside edge of the ring to allow weevil entrance into the funnel trap. The semiochemical compartment was perforated with 20 holes (0.5 cm i.d.) to allow odor diffusion. Each trap was baited with a rubber septum (10 mm red nonserrated septa; Sigma-Aldrich, Steinheim, Germany) containing 200 mg of R-limonene. Rubber septa were hung by a thin wire in the center of the semiochemical compartment and changed every 7 days. Six funnel traps with R-limonene were placed 1.5 m from the ground among foliage and separated by 5 m each in the center of a row of plants, placed in the middle of the raspberry planting (1 ha). A control trap consisted of the funnel trap baited with an untreated septum. Each group of seven traps represented one replicate; and the data collection was made recording and removing the trapped insects every 3 or 4 days. Fifteen samplings were carried out between 26 December 2008 and 13 February 2009. The collected weevils were transported to the laboratory for sex determination. Statistical differences between the total number of adult insects captured per trap in R-limonene traps and control traps were calculated using the Wilcoxon nonparametric test for related samples.
Results
Semiochemicals Released From Adults. Table 1 shows the GC-MS analyses from volatiles released by male and female A. superciliosus. The main volatile compounds identiÞed from females were the monoterpenes limonene and ␣-pinene, whereas only ␣-pinene was present in volatile extracts from males (Table 1) .
EAG Responses. Males and females showed an electroantennographic response to R-limonene for the three tested doses (females: R-limonene, 5 ng, P ϭ 0.039; R-limonene, 50 ng, P ϭ 0.0001; R-limonene, 500 ng, P ϭ 0.023; males: R-limonene, 5 ng, P ϭ 0.031; R-limonene, 50 ng, P Ͻ 0.0001; R-limonene, 500 ng, P ϭ 0.0078) (Fig. 2) , whereas Wilcoxon test showed no signiÞcant differences between response of males and females to S-limonene for the three tested doses compared with the control (females: S-limonene, 5 ng, P ϭ 0.090; S-limonene, 50 ng, P ϭ 0.063; S-limonene, 500 ng, P ϭ 0.063 males: S-limonene, 5 ng, P ϭ 0.063; S-limonene, 50 ng, P Ͻ 0.063; S-limonene, 500 ng, P ϭ 0.063). Only male antennae were sensitive to ␣-pinene at the 5 and 50 ng doses (P ϭ 0.0078; P ϭ 0.001, respectively), but they were not sensitive to ␣-pinene in the 500 ng dose (P ϭ 0.13) (Fig. 2B) .
Olfactometer Bioassays. The percentage of male A. superciliosus responding to the various treatments in the Y-olfactometer is shown in Fig. 3 . There were no signiÞcant differences in the responses of males to the monoterpenes S-limonene and ␣-pinene at the tested dose (S-limonene, 5 ng, P ϭ 0.47; S-limonene, 50 ng, P ϭ 0.14; S-limonene, 500 ng, P ϭ 0.27; ␣-pinene, 5 ng, P ϭ 0.72; ␣-pinene, 50 ng, P ϭ 0.72; ␣-pinene, 500 ng, P ϭ 0.72). Males only showed preference for R-limonene at the 500 ng dose (P ϭ 0.028) and to the female volatile extracts (P ϭ 0.021) compared with the solvent control. Additionally, the behavior of females did not show a signiÞcant response to the tested treatments (data not shown).
Field Experiments. Despite the small number of caught insects (N ϭ 10), traps baited with R-limonene captured signiÞcantly more weevils than control traps (P ϭ 0.016; Fig. 4) , and males were signiÞcantly more attracted than females, 9:1, respectively ( 2 ϭ 6.4, df ϭ 1, P ϭ 0.011).
Discussion
Analyses of volatiles released by adults of raspberry weevil indicated that females release limonene and ␣-pinene, whereas males release only ␣-pinene. These compounds were reported by Parra et al. (2009) as volatiles emitted by highbush blueberry (V. corymbosum), and Robertson et al. (1993) as volatiles released by ßowers of four raspberry (Rubus idaeus) cultivars. The presence of distinguishable monoterpenes in female volatiles may indicate that they use sequestered dietary components directly to attract conspeciÞc males. Landolt and Phillips (1997) reported that phytophagous insects mate on host plants because of the relatively high probability of mating with the opposite sex in a place of mutual interest, particularly for species whose adults feed on host plants. These authors indicated that males may purposefully search host Limonene has been reported as an attractant for numerous species of weevils, including the red sunßower seed weevil Smicronyx fulvus (Roseland et al. 1992) , the plum curculio Conotrachelus nenuphar (Leskey et al. 2001, Piñ ero and Prokopy 2003) , and the pales weevil Hylobius pales (Siegfried 1987) . However, ␣-pinene has been reported as an attractant for the red turpentine beetle, Dendroctonus valens (Zhang and Sun 2006) , the pine weevils Hylobius abietis and H. pinastri (Selander et al. 1974 , Nordlander 1990 , S. fulvus (Roseland et al. 1992) , and some bark beetles (de Groot et al. 2002) , as well as a precursor for pheromone components and a synergist for pheromones (Landolt and Phillips 1997 , de Groot and DeBarr 1998 , Miller et al. 2000 , and as a repellent for rice weevil, Sitophilus oryzae (Yoon et al. 2007) .
EAG screening of ␣-pinene and limonene isomers showed that males can perceive R-limonene and ␣-pinene, whereas females only can perceive the Rlimonene isomer. The lack of sensitivity to S-limonene suggests that both the semiochemical biosynthesis and the olfaction are enantioselective processes in A. superciliosus. Studies of insect olfaction to date suggest a strong chiral speciÞcity in pheromone biosynthesis, bioactivity, and olfactory receptor systems (Mori 1998 , Wibe et al. 1998 , Leal 2005 , Leal et al. 2008 . A differential response to both limonene isomers has been reported previously for other curculionids. Dickens (1984) reported that only R-limonene evoked a signiÞcant EAG response in females of Anthonomus grandis, whereas R-and S-limonene evoked response in male conspeciÞcs. Wibe et al. (1998) reported that one olfactory receptor neuron of H. abietis showed a much stronger response to (ϩ)-␣-pinene than (Ϫ)-␣-pinene, and another olfactory receptor neuron responded more strongly to S-limonene than to R-limonene. Payne (1975) indicated that the intensity of EAG (increase in response) can be taken as a measure of the relative number of responding receptor cells. Our data suggest, therefore, that the antennae of A. superciliosus possess large numbers of receptors and a high sensitivity to R-limonene in relation to other assayed monoterpenes. Further singlecell electrophysiology will be needed to explore this in more detail.
The results of our Y-tube bioassays showed that male A. superciliosus were attracted by female volatile extracts when they were compared with hexane. This suggests that male orientation is mediated by conspeciÞc volatiles in the absence of visual stimuli. The olfactometric evaluation of synthetic compounds identiÞed in volatile extracts of insect and both isomers of limonene showed that only R-limonene elicited behavioral response from males, whereas no compounds elicited response from females at the tested doses.
Despite our electroantennographic results indicating that A. superciliosus male antennae possess receptors for the monoterpene ␣-pinene, it was not possible to determine its activity in the olfactometer bioassays at the three tested doses. Such contrasting results between EAG and behavioral responses have been reported previously by Cha et al. (2008) for females of grape berry moth, Paralobesia viteana. Furthermore, Leal (2005) showed that some tested compounds may be EAG active without showing any bioactivity; however, EAG inactive compounds can be eliminated from further behavioral tests.
The small number of insects caught in the Þeld assay may have been the result of declining population densities when the experiment was conducted ). However, the Þeld results reinforce the laboratory assay data, showing that R-limonene caught more weevils than the unbaited control treatment, and the number of males caught was nine times higher than females. This study provides the Þrst evidence of electroantennographic and behavioral responses of A. superciliosus to volatiles emitted from conspeciÞcs. To develop an effective trapping system for monitoring and management of raspberry weevil, future work should be focused on optimizing trap design, and their number and allocation in the crop Þelds (height, position, and density), adjusting the dosage of chemical used taking into account the weather conditions (RuizMontiel et al. 2008 ). Considering other reports on different curculionid species (Giblin-Davis et al. 1996 , Perez et al. 1997 , further laboratory and Þeld experiments should be carried out for determining the possible synergistic effect between R-limonene and ␣-pinene and other host kairomones.
